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Materials and methods
All solvents for spectroscopic experiments were of HPLC grade and used as received. Water was deionized 
and microfiltered using a Milli-Q Millipore machine. The complexes presented in this report were prepared 
in situ, characterization of the isolated ligand and complexes can be found in ref. 32. HEPES buffer and the 
lanthanide salts were purchased from Sigma Aldrich and used as received.  

Sample preparation
The complexes (1.14 * 10-5 M) were assembled in situ from stock solutions by mixing 1:1 equivalent of 
ligand (L) and lanthanide ions in aqueous 0.1 M HEPES buffer pH 7.4. The complexes were formed using 
the Ln.Cl3*6·H2O salts, Ln = Eu3+, Gd3+, Tb3+ or Y3+. Oxygen was removed from the samples using a 
standard freeze-pump-thaw degassing method. The freeze−pump−thaw cycle was repeated five times to 
eliminate the oxygen in the samples and never backfilled with an inert gas (referred to as degassed 
condition). 

Optical spectroscopy 
Absorption spectra were measured with a Cary 300 UV-Vis double beam spectrometer from Agilent 
Technologies against air using a pure solvent as the baseline. The excitation and fluorescence spectra 
together with the fluorescence and metal centred lifetimes were measured with a FluoTime 300 instrument 
from PicoQuant. The excitation source was the 355 nm line from a VisUV laser or a Xenon Cw lamp from 
PicoQuant. The data were fitted as monoexponential or triexponential decay using the deconvolution as 
implemented in the FluoFit software (version 4.6.6) from PicoQuant. The phosphorescence measurements 
were done on a Cary Eclipse fluorescence spectrometer with a photomultiplier tube from Agilent 
Technologies. The phosphorescence decays were analysed and fitted to exponential decay functions using 
the Origin software package. All emission and excitation spectra and time-resolved emission decay profiles 
can be found in the following 

For all spectroscopic measurements, the absorbance at the excitation wavelength was kept below 0.1 to avoid 
inner filter effects and intermolecular interactions. Absorption, excitation and fluorescence experiments at 
ambient temperatures were performed in a sealed 10.00 mm vacuum cuvette or 10.00 mm Hellma quartz 
fluorescent cuvettes. The phosphorescence experiments at 77 K were performed in a Dewar fitted with a 
quartz cold finger accessory; the sample solutions were placed in a NMR tube, positioned in the Dewar and 
flash frozen using liquid nitrogen.

Relative quantum yields. 
Relative quantum yields were determined by single point determination using different laser intensity and 
calculated using eqn (1). Where ϕ is the fluorescence quantum yield, a is the slope from the plot of the 
integrated fluorescence intensity divided by the absorbance of the reference (Dr/Ar) vs. the integrated 
fluorescence intensity divided by the absorbance of the sample x (Dx/Ax), and n the refractive index of the 
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solvent. The subscripts ref and x denote reference and the sample respectively. The method is internally 
consistent but in our hands cannot be used to determine absolute quantum yields.

                                                                     (1)
𝜙𝑥= 𝑎 ∙ 𝜙𝑟𝑒𝑓 ∙

𝑛𝑥
2

𝑛𝑟
2

For quantum yield calculations, an excitation wavelength of 355 nm was used for both the reference and 
sample. Quinine sulphate in 0.5 M sulfuric acid was used as the reference (ϕref = 0.546), all data can be found 
in the ESI. nref = 1.346 and nx = 1.339.   
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Optical Spectroscopy: H3.L

250 300 350 400 450 500 550 600 650 700
0.0

0.5

1.0

N
or

m
al

iz
ed

 In
te

ns
ity

Wavelenght (nm)

 Excitation H3.L RT
 Emission H3.L RT
 Emission H3.L 77 K

Figure S1. Excitation (followed at 402 nm) and emission (excitation 355 nm) spectra of a 1.14 ·10-5 M 
solution of H3.L in HEPES buffer at pH 7.4 at room temperature. Phosphorescence spectrum of the same 
solution at 77 K, Gate time 1 ms, Delay 5 ms.
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Figure S2. Quantum yield determination for H3.L (- O2) in 0.1 M HEPES buffer at pH 7.4 at room 
temperature.
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Figure S3. Quantum yield determination for H3.L (+ O2) in 0.1 M HEPES buffer at pH 7.4 at room 
temperature.
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Figure S4. Fluorescence decay profile observed for H3.L (-O2) in HEPES Buffer pH 7.4. Top, time-resolved 
emission decay profile. Middle, result of global fit from time resolved emission spectra. Bottom, emission 
spectra deconvoluted using three lifetime components. The data was fitted to a triexponential decay to 
determine the associated lifetimes.
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Figure S5. Fluorescence decay profile observed for H3.L (+ O2) in HEPES Buffer pH 7.4. Top, time-
resolved emission decay profile. Middle, result of global fit from time resolved emission spectra. Bottom, 
emission spectra deconvoluted using three lifetime components. The data was fitted to a triexponential decay 
to determine the associated lifetimes.
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Figure S6. Time-resolved emission decay profile and fit for H3.L at 77 K in HEPES buffer pH 7.4, 
monitored at 500 nm following 325 nm light excitation, Gate time 0.2 ms, Delay 2 ms, Total decay time 100 
ms.
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Figure S7. Time-resolved emission decay profile and fit for H3.L at 77 K in HEPES buffer pH 7.4, 
monitored at 500 nm following 325 nm light excitation, Gate time 0.5 ms, Delay 5 ms, Total decay time 800 
ms.
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Optical Spectroscopy: H5.L+2
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Figure S8. Excitation (followed at 402 nm) and emission (excitation 355 nm) spectra of a 1.14 ·10-5 M 
solution of H5.L2+ in HEPES buffer at pH 7.4 at room temperature. Phosphorescence spectrum of the same 
solution at 77 K, Gate time 1 ms, Delay 5 ms.
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Figure S9. Quantum yield determination for H5.L2+ (- O2) in 0.1 M HEPES buffer at pH 7.4 at room 
temperature.
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Figure S10. Quantum yield determination for H5.L2+ (+ O2) in 0.1 M HEPES buffer at pH 7.4 at room 
temperature.
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Figure S11. Fluorescence decay profile observed for H5.L2+ (-O2) in HEPES Buffer pH 7.4. Top, time-
resolved emission decay profile. Middle, result of global fit from time resolved emission spectra. Bottom, 
emission spectra deconvoluted using three lifetime components. The data was fitted to a triexponential decay 
to determine the associated lifetimes.
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Figure S12. Fluorescence decay profile observed for H5.L2+ (+ O2) in HEPES Buffer pH 7.4. Top, time-
resolved emission decay profile. Middle, result of global fit from time resolved emission spectra. Bottom, 
emission spectra deconvoluted using three lifetime components. The data was fitted to a triexponential decay 
to determine the associated lifetimes.
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Optical Spectroscopy: Eu.L
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Figure S13. Excitation (followed at 402 nm) and emission (excitation 355 nm) spectra of a 1.14 ·10-5 M 
solution of Eu.L in HEPES buffer at pH 7.4 at room temperature. Phosphorescence spectrum of the same 
solution at 77 K, Gate time 1 ms, Delay 5 ms.
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Figure S14. Quantum yield determination for Eu.L (- O2) in 0.1 M HEPES buffer at pH 7.4 at room 
temperature.
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Figure S15. Quantum yield determination for Eu.L (Eu emission, - O2) in 0.1 M HEPES buffer at pH 7.4 at 
room temperature.
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Figure S16. Quantum yield determination for Eu.L (+ O2) in 0.1 M HEPES buffer at pH 7.4 at room 
temperature.
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Figure S17. Luminescence decay profile observed for Eu.L (-O2) in HEPES Buffer pH 7.4. Excitation 355 
nm, emission followed at 616 nm. The data was fitted to a single exponential decay to determine the 
associated lifetime of the metal centred luminescence.
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Figure S18. Fluorescence decay profile observed for Eu.L (-O2) in HEPES Buffer pH 7.4. Top, time-
resolved emission decay profile. Middle, result of global fit from time resolved emission spectra. Bottom, 
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emission spectra deconvoluted using three lifetime components. The data was fitted to a triexponential decay 
to determine the associated lifetimes.
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Figure S19. Fluorescence decay profile observed for Eu.L (+O2) in HEPES Buffer pH 7.4. Top, time-
resolved emission decay profile. Middle, result of global fit from time resolved emission spectra. Bottom, 
emission spectra deconvoluted using three lifetime components. The data was fitted to a triexponential decay 
to determine the associated lifetimes.
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Figure S20. Time-resolved emission decay profile and fit for Eu.L at 77 K in HEPES buffer pH 7.4, 
monitored at 450 nm following 325 nm light excitation, Gate time 0.5 ms, Delay 5 ms, Total decay time 800 
ms.
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Figure S21. Time-resolved emission decay profile and fit for Eu.L at 77 K in HEPES buffer pH 7.4, 
monitored at 450 nm following 325 nm light excitation, Gate time 0.5 ms, Delay 2 ms, Total decay time 200 
ms.
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Figure S22. Time-resolved emission decay profile and fit for Eu.L at 77 K in HEPES buffer pH 7.4, 
monitored at 690 nm following 325 nm light excitation, Gate time 0.1 ms, Delay 0.2 ms, Total decay time 
100 ms.
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Figure S23. Time-resolved emission decay profile and fit for Eu.L at 77 K in HEPES buffer pH 7.4, 
monitored at 616 nm following 325 nm light excitation, Gate time 20 ms, Delay 5 ms, Total decay time 800 
ms.
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Optical Spectroscopy: Gd.L
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Figure S24. Excitation (followed at 402 nm) and emission (excitation 355 nm) spectra of a 1.14 ·10-5 M 
solution of Gd.L in HEPES buffer at pH 7.4 at room temperature. Phosphorescence spectrum of the same 
solution at 77 K, Gate time 1 ms, Delay 5 ms.
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Figure S25. Quantum yield determination for Gd.L (- O2) in 0.1 M HEPES buffer at pH 7.4 at room 
temperature.
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Figure S26. Quantum yield determination for Gd.L (+ O2) in 0.1 M HEPES buffer at pH 7.4 at room 
temperature.
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Figure S27. Fluorescence decay profile observed for Gd.L (-O2) in HEPES Buffer pH 7.4. Top, time-
resolved emission decay profile. Middle, result of global fit from time resolved emission spectra. Bottom, 
emission spectra deconvoluted using two lifetime components. The data was fitted to a biexponential decay 
to determine the associated lifetimes.
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Figure S28. Fluorescence decay profile observed for Gd.L (+O2) in HEPES Buffer pH 7.4. Top, time-
resolved emission decay profile. Middle, result of global fit from time resolved emission spectra. Bottom, 
emission spectra deconvoluted using two lifetime components. The data was fitted to a biexponential decay 
to determine the associated lifetimes.
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Figure S29. Time-resolved emission decay profile and fit for Gd.L at 77 K in HEPES buffer pH 7.4, 
monitored at 500 nm following 325 nm light excitation, Gate time 0.5 ms, Delay 5 ms, Total decay time 800 
ms.



Shining light on the excited state… 33 A. K. R. Junker & T. J. Sørensen

0 200 400 600 800

10

100

1000  Gd.L 77 K
 ExpDec3 Fit

In
te

ns
ity

 (a
.u

.)

Time (ms)

t1 = 4.02 ms

t2 = 43.06 ms

t3 = 207. 02 ms

Figure S30. Time-resolved emission decay profile and fit for Gd.L at 77 K in HEPES buffer pH 7.4, 
monitored at 500 nm following 325 nm light excitation, Gate time 0.5 ms, Delay 5 ms, Total decay time 800 
ms.
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Figure S31. Time-resolved emission decay profile and fit for Gd.L at 77 K in HEPES buffer pH 7.4, 
monitored at 500 nm following 325 nm light excitation, Gate time 0.2 ms, Delay 2 ms, Total decay time 200 
ms.
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Optical Spectroscopy: Tb.L
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Figure S32. Excitation (followed at 402 nm) and emission (excitation 355 nm) spectra of a 1.14 ·10-5 M 
solution of Tb.L in HEPES buffer at pH 7.4 at room temperature. Phosphorescence spectrum of the same 
solution at 77 K, Gate time 1 ms, Delay 5 ms.
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Figure S33. Quantum yield determination for Tb.L (- O2) in 0.1 M HEPES buffer at pH 7.4 at room 
temperature.
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Figure S34. Quantum yield determination for Tb.L (+ O2) in 0.1 M HEPES buffer at pH 7.4 at room 
temperature.
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Figure S35. Fluorescence decay profile observed for Tb.L (-O2) in HEPES Buffer pH 7.4. Top, time-
resolved emission decay profile. Middle, result of global fit from time resolved emission spectra. Bottom, 
emission spectra deconvoluted using three lifetime components. The data was fitted to a triexponential decay 
to determine the associated lifetimes.
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Figure S36. Fluorescence decay profile observed for Tb.L (-O2) in HEPES Buffer pH 7.4. Top, time-
resolved emission decay profile. Middle, result of global fit from time resolved emission spectra. Bottom, 
emission spectra deconvoluted using three lifetime components. The data was fitted to a triexponential decay 
to determine the associated lifetimes.
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Figure S37. Time-resolved emission decay profile and fit for Tb.L at 77 K in HEPES buffer pH 7.4, 
monitored at 450 nm following 325 nm light excitation, Gate time 0.5 ms, Delay 5 ms, Total decay time 800 
ms.
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Figure S38. Time-resolved emission decay profile and fit for Tb.L at 77 K in HEPES buffer pH 7.4, 
monitored at 450 nm following 325 nm light excitation, Gate time 0.5 ms, Delay 1 ms, Total decay time 200 
ms.

0 20 40 60 80 100
0.01

0.1

1

10

100

 Tb.L 77 K
 ExpDec2 Fit

In
te

ns
ity

 (a
.u

.)

Time (ms)

t1 = 1.98 ms

t2 = 4.43 ms

Figure S39. Time-resolved emission decay profile and fit for Tb.L at 77 K in HEPES buffer pH 7.4, 
monitored at 545 nm following 325 nm light excitation, Gate time 0.5 ms, Delay 0.1 ms, Total decay time 
100 ms.
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Figure S40. Time-resolved emission decay profile and fit for Tb.L at 77 K in HEPES buffer pH 7.4, 
monitored at 545 nm following 325 nm light excitation, Gate time 20 ms, Delay 5 ms, Total decay time 800 
ms.
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Figure S41. Time-resolved emission decay profile and fit for Tb.L at 77 K in HEPES buffer pH 7.4, 
monitored at 620 nm following 325 nm light excitation, Gate time 20 ms, Delay 5 ms, Total decay time 800 
ms.
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Optical Spectroscopy: Y.L
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Figure S42. Excitation (followed at 402 nm) and emission (excitation 355 nm) spectra of a 1.14 ·10-5 M 
solution of Y.L in HEPES buffer at pH 7.4 at room temperature. Phosphorescence spectrum of the same 
solution at 77 K, Gate time 1 ms, Delay 5 ms.
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Figure S43. Quantum yield determination for Y.L (- O2) in 0.1 M HEPES buffer at pH 7.4 at room 
temperature.



Shining light on the excited state… 43 A. K. R. Junker & T. J. Sørensen

0.0 2.0x108 4.0x108 6.0x108 8.0x108 1.0x109 1.2x109

0.0

1.0x108

2.0x108

3.0x108

4.0x108

5.0x108

6.0x108

7.0x108

 Dx/Ax
 Linear Fit

D
r/A

r

Dx/Ax

y = 0.586 * x

R2 = 0.99

Quantum Yield Y.L (+ O2)

Figure S44. Quantum yield determination for Y.L (+ O2) in 0.1 M HEPES buffer at pH 7.4 at room 
temperature.
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Figure S45. Fluorescence decay profile observed for Y.L (-O2) in HEPES Buffer pH 7.4. Top, time-resolved 
emission decay profile. Middle, result of global fit from time resolved emission spectra. Bottom, emission 
spectra deconvoluted using three lifetime components. The data was fitted to a triexponential decay to 
determine the associated lifetimes.
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Figure S46. Fluorescence decay profile observed for Y.L (-O2) in HEPES Buffer pH 7.4. Top, time-resolved 
emission decay profile. Middle, result of global fit from time resolved emission spectra. Bottom, emission 
spectra deconvoluted using three lifetime components. The data was fitted to a triexponential decay to 
determine the associated lifetimes.
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Figure S47. Time-resolved emission decay profile and fit for Y.L at 77 K in HEPES buffer pH 7.4, 
monitored at 500 nm following 325 nm light excitation, Gate time 0.1 ms, Delay 5 ms, Total decay time 800 
ms.
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Figure S48. Time-resolved emission decay profile and fit for Y.L at 77 K in HEPES buffer pH 7.4, 
monitored at 500 nm following 325 nm light excitation, Gate time 0.5 ms, Delay 5 ms, Total decay time 800 
ms.
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Figure S49. Time-resolved emission decay profile and fit for Y.L at 77 K in HEPES buffer pH 7.4, 
monitored at 500 nm following 325 nm light excitation, Gate time 0.5 ms, Delay 5 ms, Total decay time 800 
ms.
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Figure S50. Time-resolved emission decay profile and fit for Y.L at 77 K in HEPES buffer pH 7.4, 
monitored at 500 nm following 325 nm light excitation, Gate time 0.1 ms, Delay 2 ms, Total decay time 100 
ms.


